The application of beneficial residual stresses in components is often used to increase their fatigue life and resistance to FOD (Foreign object damage). There are several production processes having the main aim to induce beneficial compressive residual stresses at the surface and on the sub-surface level in components. As examples can be mentioned the shot peening, autofrettage, laser shock peening, ultrasonic impact treatment and DR (Deep rolling) processes. The prediction and measurement of the induced residual stresses is always difficult and a time-consuming and therefore, the employment of the FEA (Finite element analysis) to model such processes can be very profitable. In this article the explicit module of the FE-Code ABAQUS 6.13 was applied to model the DR process on a plane geometry. The input parameters applied force, number of overturns and percentage of overlapping are varied and their influence on the resulted depth profile of residual stresses is commented on.
Introduction
In the modern industry the targeted application of compressive (= negative) residual stresses in highly stressed components is gaining great importance. Compressive residual stresses are often used as design instrument in order to increase the fatigue life of the components and to improve their resistance to foreign object damage [1] . It is well known that parts, being exposed to tensile (= positive) static as well as dynamic loads are prone to crack formations. When compressive residual stresses are superimposed to the operating tensile loads the former reduce the total loading, thus retarding the surface cracking and preventing the initiation of new cracks.
There are numerous production processes which are able to introduce pronounced compressive residual stresses differing in the depth profile. Typical examples are shot peening, autofrettage, laser shock peening, ultrasonic impact treatment and deep rolling.
Well-recognized is the DR (Deep rolling) process that has initially attracted the interest of the scientific * Corresponding author: Nataliya Lyubenova, M. Sc., research fields: residual stresses and manufacturing processes. community in the thirties of the last century [2] . Investigations of the process in the seventies and eighties led to the clear consideration that it is able to improve the fatigue life of the treated components. According to the Association of German Engineers VDI guideline 3177 [3] , DR is classified as fine surface rolling method, next to finishing and size rolling. In the available literature different terms, like deep rolling, deep cold rolling, roller burnishing, low plasticity burnishing and others, are used to describe processes being similar in mechanism and results. The main advantage of DR is the high amount and depth of the achieved compressive residual stresses which in some materials can exceed 1 mm [4] . Another advantage of the process is the reduction of the surface roughness which prevents the crack formation and -propagation. In steel the roughness after treatment with DR can be well below 1 µm (Rz). A deep layer of strain hardening and plastic deformation also belongs to the properties of the treated component, thus contributing to its longer life time.
Although well-known, DR is still investigated due to the large amount of input parameters which lead to great differences in the results. Schulze [5] comprehensive classification of the DR parameters by dividing them into work piece-, tool-, process-and device parameters, see Fig. 1 . Some of them, like the applied force or pressure, the number of overturns, the percentage of overlapping, the properties and geometry of the work piece, etc., directly influence the quality of the surface as well as the depth and amount of the achieved residual stresses.
Wong [6] varied the DR pressure and found out that the increasing of the applied pressure leads to higher and deeper penetrating compressive residual stresses.
FE (Finite element) Modelling is a powerful instrument to model complex processes, e.g. DR, and offers a good opportunity to vary and investigate numerous inputand output parameters. Manoucherhrifar et al. [7] used the explicit dynamic algorithm in ABAQUS 6.10 to model different DR input parameters. They found out that for some fixed boundary conditions the resulted from the FE-simulation residual stresses are in good agreement with those experimentally derived. Still, the variation of other boundary conditions, as for example the friction coefficient, led to uncertain residual stress depth profiles. The FEM (Finite element method) coupled with the BEM (Boundary element method) was employed by Bärker et al. [8] in order to simulate the residual stresses induced by DR in turbine blades. The FEM/BEM coupling was used to compute a large scale model offering low computing time and high result accuracy. They compared the modelled residual stresses with experimental data and stated that the former are in quantitatively good agreement with the experimentally derived residual stresses.
Nevertheless, when modelling the DR process the simplification of the boundary conditions, material behaviour or contact formulation can cause misleading results. Therefore, in this paper the Explicit module of the FE-Code ABAQUS 6.13 is applied to model the DR process on a plane geometry. The input parameters applied force, number of overturns and percentage of overlapping are varied and their influence on the induced residual stresses is commented on.
Deep Rolling Principle and Application
The main principle of DR can be described as follows: the DR tool, which can be a hydrostaticallyor spring-supported roller or sphere [9] is pressed with a defined force or -pressure against the work piece. This leads to a maximum equivalent stress formed beneath the work piece's surface. If this stress is below the yield point of the material, the stress field along the contact normal is governed by the elastic stresses theories of Hertz and Föppl. If the applied force or pressure is further increased, the equivalent stress reaches the yield point of the material, leading to plastic deformations beneath the DR roller or sphere [10] . At the opposite side of the treated surface only elastic deformations exist. After the force or pressure application different treatment strategies, similar to the milling strategies, as varying the rolling path, can be used. All of the strategies have in common that the DR tool is always freely rotating. At the end of the treatment the applied force or pressure is released and the elastically deformed part of the work piece strives to return to its original state but is prevented from the plastically deformed area. This inhomogeneous deformation leads to a generation of compressive residual stresses at the treated surface, being compensated with tensile stresses at other parts of the work piece [11] . The basic DR process setup for plane geometry can be seen in Fig. 2 .
In Fig. 3 , some typical applications of the DR process can be observed. Fig. 3a shows DR of a wheel flange where the sharp edge is rounded and compressive residual stresses are induced, thus reducing the stress concentration in this area. By means of DR the tensile residual stresses induced by welding, see Fig. 3b , can be neutralized or even shifted to the compression level. The lifetime of valves is also increased when using the DR process (Fig. 3c) . Also often, the tension screws that support the aircraft's engine are treated with DR to increase their lifetime, see Fig. 3d . In mass production the DR process is applied to turbine blades to increase their resistance to a foreign object damage [12] .
Finite Element Modelling of DR Process
The investigations presented in this article are performed using the FE Code ABAQUS 6.13. The Explicit module of the program was employed in order to model the dynamics of the DR process. This module offers the possibility to perform a nonlinear dynamic stress/displacement analysis as well as numerous contact modelling techniques.
Geometries
The presented investigations use a full 3D (3 dimensional) model of the DR processes. Due to the anisotropy of the residual stresses induced in rolling DR tool with applied pressure Hydrostatically supported ball Work piece and transverse direction, 2 dimensional simulation will not show the full stress distribution. In Fig. 4 , the dimensions of the employed 3D work piece and DR sphere are shown. For all of the presented investigations the work piece and the sphere dimensions were fixed.
Material Definition
The work piece material was defined as a high strength steel AISI 4140. Its physical data as well as its chemical composition are shown in Tables 1 and 2 respectively. The DR sphere was modelled as rigid body with defined mass and moment of inertia.
The material data was derived by means of an uniaxial tensile test. To implement the data into the FE model the material model of Huang was employed [15] . He divides the stress-strain curve into for regions, see Fig. 5a . The region 0-A describes the initial tensile loading regime during which the steel behaves elastically up to the yield point R p0.2% . Here, the material behavior follows Hooke's law. Then, the material behaves plastically, region A-B. This region can involve significant non-linearity. It is followed by the unloading elastic regime B-C during which the steel behaves elastically up to the yield point R p0.2%' . The last phase of the stress-strain curve is the C-D region where the material behaves plastically. This phase exhibits also a significant non-linearity. For a simplification of the material modelling a linear representation can be employed. In Fig. 5b , different linear approximations are shown. The first simplification considers the Bauschinger Effect [16] and shows the closest correspondence to the real material behavior. The disadvantage is that the Bauschinger coefficient β needs to be empirically derived. The second option -linear elastic, plastic with isotropic hardening -does not consider the Bauschinger effect and this can lead to an overestimation of the modelled residual stresses. Demurger et al. [17] confirms also that compared to their kinematic hardening model, the model using an isotropic hardening overestimated the FE-modelled residual stresses. The third possibility to model the material behavior is to employ a bi-linear kinematic hardening model. It is able to represent the Bauschinger effect and therefore, it was used in the presented investigations. This model was successfully implemented in the FE simulations of a similar mechanical surface treatment, namely Autofrettage process [18, 19] . Still, it has to be considered that the real material behavior includes non-linear regions and their linear simplifications can be a source of uncertainties.
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0-A: Elastic load
Contact Formulation
The DR process includes always a contact between the work piece and the tool (here: DR sphere). The proper description of the contact is necessary to avoid an artificial deformation of the treated surface. Here, the "contact pair" option was used, as the DR sphere surface was defined as master and the work piece's surface as slave. The friction coefficient was fixed to 0.1 and an isotropic frictional directionality was chosen. Additionally, a penalty option was added.
This allows defining an elastic slip between both surfaces where the work piece is allowed to elastically deform, as the DR sphere is a rigid body. The elastic slip was fixed to 0.0005% of the element size. The application of a small elastic slip is recommended by the ABAQUS User's Manual [20] , as it improves the solution accuracy.
Meshing Strategies
For the proper meshing of the work piece initially a convergence study was conducted. After the initial increasing of the measured von Mises maximal stress, further increasing of the mesh density led to a plateau of the stresses reached at element size of 0.04 mm. The calculation time was about 20 min. In order to investigate the depth distribution of residual stresses more precisely the work piece thickness was divided into three partitions, see Fig. 6 . Partition 1 has a fixed element size of 0.025 mm. For the second and third partition a progressive meshing strategy was employed, offering the opportunity for smooth decreasing of the mesh density out of the region of interest (along -Y direction). In these two regions the element size increased progressively from 0.025 mm to 0.05 mm and finally to 0.1 mm. The work piece was meshed using hexahedral C3D8R elements. These are 3 dimensional, 8 nodes elements with reduced integration. For the meshing of the DR sphere, 2880 linear quadrilateral elements type R304 were employed.
Modelling Steps and Boundary Conditions
The FE simulation of the DR process was performed using 7 modelling steps, see Table 3 . In the initial step the fixation of the work piece was realized. After that a contact between the work piece and the DR sphere was established, using a relatively small normal force. The third step was the application of the Table 3 Modelling steps and boundary conditions applied to the DR sphere. At 50% A=2/4a
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Modelling steps
At 75% A=3/4a
At 100% A=0 DR force which varied for the different simulations. The next three steps were the DR trajectories in Z, X and -Z directions. The last step simulated the releasing of the DR force.
Definition of the DR Input and Output Parameters
In the presented investigations a few DR input parameters were varied. First, the applied DR force was varied from 25 to 100 N. The levels were chosen in a way that they corresponded to a low DR pressure (a force of 25 N is equal to 98 bar) and a high DR pressure (a force of 100 N is equal to 390 bar).
The next varied DR input parameter was the percentage of overlapping. The definition of the parameter is shown in Fig. 7 . Here, the depth penetration h of the DR sphere was measured and the distance a calculated. After that the overlapping parameter A was defined as a percentage of the distance a.
The last varied DR input parameter is the number of overturns. It describes how many times a DR was applied to the same treatment area.
The investigated DR output parameters were the longitudinal (along the rolling direction) and transverse residual stresses. The depth profile of the residual stresses was obtained as in the middle of the first rolling trajectory (Step -Movement 1) in Z direction a measurement path was defined from the surface toward -Y direction in depth.
Results
Effect of the Applied DR Force on the Depth Distribution of Induced Residual Stresses
In Fig. 8 , the depth distribution of transverse residual stresses when varying the DR force is shown.
Here, it is visible that the application of a higher force several publications [6, 7] .
Effect of the Variation of the Number of Overturns on the Depth Distribution of Induced Residual Stresses
The variation of the number of overturns is plotted in Fig. 10 . Here, the repetition of the DR process does not lead to an increasing of the maximal induced compressive residual stresses. It can be seen that they even slightly decrease. Still, as a positive effect it can be observed that the more repetitions are performed, the deeper the compressive residual stresses penetrate, reaching a depth of approximately 0.5 mm at 5 overturns. Compared to those achieved without overturn, the layer with compressive residual stresses achieved with 5 overturns is double thicker.
In Table 4 , the calculated area with compressive residual stresses when varying the overturn parameter is plotted. Here, it is more visible that the increasing of the number of overturns leads to a greater area with compressive residual stresses and the area is even slightly exponentially increasing. 
Effect of the Variation of the Overlapping on the Depth Distribution of Induced Residual Stresses
The last result shows the depth distribution of the longitudinal residual stresses in variation of the percentage of the overlapping. One non-expected observation is the depth distribution for 0% and for 100% overlapping. Though, higher maximum of the achieved residual stresses for 100% overlapping is expected, as the 100% overlapping means a repetition of the DR process on the same treatment area. Nevertheless, the residual stress depth profile for 100% overlapping remains relatively the same as those with 0% overlapping. An explanation of this result can be found in the applied on the DR sphere boundary conditions. In order to ensure a smooth treatment, after the application of the DR force, the DR sphere was fixed in vertical (Y) direction. This prevented the deeper penetration of the sphere, when applying 100% overlapping.
Discussion and Conclusions
In this paper a FE Modelling of the mechanical surface treatment process Deep Rolling for AISI 4140 steel using the software ABAQUS 6.13 was shown. The explicit module of the program was employed to model the full 3D dynamic representation of the process. Several input parameters, like the applied normal force, the number of overturns and the overlapping percentage, were varied. Their influence on the induced longitudinal and transverse residual stresses was described.
The application of a higher DR force leads to an increasing of the compressive residual stress maximum. It is visible that a saturation level is reached when treating with 75 and 100 N, where the application of a higher DR force does not lead to an increasing of the compressive residual stress maximum. Another tendency is also visible -with increasing the DR force the layer with compressive residual stresses also increase.
The observations of the overturns variation show that the magnitude of the induced compressive residual stresses remains the same and even decreases when increasing the number of overturns. Still, the layer with compressive residual stresses is thicker if a higher number of overturns is applied.
The overlapping variation shows that a certain overlapping percentage (from 25 to 75%) leads to a relaxation of the induced maximal compressive residual stresses. Still, their depth is not influenced by the change of the overlapping percentage. The non-expected result for 0% and 100% overlapping is due to the fixation of the DR sphere in Y direction after application of the DR force, which prevents the deeper penetration of the DR sphere and respectively the inducement of higher compressive residual stresses. The fixation must be removed, as under realistic conditions the DR sphere is hydrostaticallyor spring supported and has a free play in Y direction.
Overall, the presented model shows results which are in good agreement with the existing literature. Several articles [6, 21] present measurements of the DR residual stress profiles which quantitatively fit to the presented in this paper. Still, the results can be only qualitatively evaluated as they differ from the used material and the process parameters. Therefore, a comparison with experimental data in order to confirm the presented results is highly appreciated. Some critical issues of the FE model are for example the material model. In the literature there are proofs that the bi-linear kinematic hardening model can properly represent the material behaviour, but the linear simplification can be a source of uncertainty. Another improvement issue is the mesh density -in the results a steep stress gradient near the treated surface is observed and there, the mesh density can be increased to assure more measurement points.
